There are two steps to calculating the line acceleration. First, you must compute the line opacity. This means acquiring atomic data for a large number of lines from a large number of elements, and then coming up with a description of the ionization/excitation equilibrium of the winds of OB stars. The first obstacle has been overcome, as I have compiled/computed a complete list of gf values for lines in the first six stages of ionization for the elements H-Zn. The ionization balance remains an uncertainty, and I've used both the radiative equi librium models and empirical ionization fractions derived from UV observations. Fortunately, the differences between the various ion ization models are less than a factor of 2.
Given the line opacity, one must then solve the radiative trans fer problem in the wind. The standard treatment (e.g. Mihalas 1978, section 15-4) ignores two potential uncertainties, both of which are also neglected in this work. First, the velocity law may be non monotonic, as in the periodic shock model proposed by Lucy (1981) to explain the X-ray emission from the winds of OB stars. Second, the frequencies of individual lines within multiplets often overlap at medium and high wind velocities because of the Doppler shift. For a typical model with T eff = 40,000 K, I find that 50-75% of the total line acceleration comes from overlapping lines. In the first, the number abundances of all metals are increased or decreased by a constant factor, which is intended to represent stars born in galactic or extragalactic environments of different metallicity. As shown in figure 2, the line acceleration increases with increasing metallicity, which is natural since metals provide the lines that absorb the radiative momentum. Combining this dependence on metallicity with the numerical results shown in figure 1 gives a calculated line acceleration a-^ which is fit to within a factor of ~2 by the analytic expression 2) The Momentum Problem. Although the observational uncertainty is large, the mass loss rates of Wolf-Rayet stars do not seem to cor relate with Lfo 0 i« One is therefore faced with the problem that the amount of wind momentum ejected from the star does not depend on the amount of radiative momentum available to drive the flow. The envelopes of Wolf-Rayet stars differ from those of OB stars in several ways that affect the radiation pressure. Table 1 summa rizes the most important differences, and their probable effect on the predicted mass loss rates of Wolf-Rayet stars. The first, and most obvious, difference is chemical composition. As discussed by many contributors to this symposium, all Wolf-Rayet stars are hydrogen deficient to some degree. The atmospheres of the WN sequence are enriched by the products of hydrogen burning. As shown in figure 2, this produces no increase in the line acceleration, and hence in the predicted mass loss rate. The atmospheres of WC stars are enriched by the products of helium burning. This time there is an increase in the line acceleration of up to a factor of 2, which translates into, at most, a factor of 3 increase in the predicted mass loss rate. I conclude that differences in chemical composition are not the major factor in producing the high efficiency outflows from Wolf-Rayet stars.
Examples
A small effective mass also leads to an enhanced mass loss rate, as shown by equation (4). A summary of observations of binary systems by Massey (1981) indicates that Wolf-Rayet stars are undermassive for their luminosity by typically a factor of 2 when compared to OB stars. In principle, an unlimited increase in M can be achieved by decreasing the (1-r) factor. However, a drastic reduction in (1-r) would also pro duce a drastic reduction in the terminal velocities, because v m * M 1 / 2 . * eff This is not observed. I conclude that roughly a factor of 2 increase in M of Wolf-Rayet stars is attributable to their reduced mass.
The bulk of the gas in the winds of OB stars is in an ionization state which approximates radiative equilibrium. A much broader range of ionization and excitation is observed in Wolf-Rayet stars. It is likely, therefore, that Wolf-Rayet stars have more lines to intercept the radiation flux than do comparable OB stars. Since the OB stars already block roughly half of the emergent flux, the maximum increase in M expected from this effect is a factor of ~2.
The largest uncertainty in radiation pressure models of WolfRayet stars is in the radiative transfer. With few exceptions the winds of OB stars are optically thin, so that the core/halo approxima tion applies to the radiative transfer. One assumes that each point in the wind sees unattenuated radiation from the stellar core, with no contribution to the continuum radiation field from gas in the extended envelope. In Wolf-Rayet stars, on the other hand, it is clear from the emission line spectrum that the winds are not transparent, and several studies conclude that optical depth unity in electron scat tering occurs at high velocities (e.g. Castor and Nussbaumer 1972; Hartmann and Cassinelli 1977). However, the lack of emission at the continuum opacity jumps argues that the thermalization optical depth in the continuum occurs at small velocities, where the extension ef fects of the atmosphere are negligible.
There are no quantitative calculations of the effects the above differences will have on the radiation field, and hence on the line acceleration. I discuss below some of the qualitative effects the en velope structure of Wolf-Rayet stars might have on the mass loss rate.
D. C. ABBOTT
1) Thermalization Depth. At points deeper in the atmosphere than the thermalization depth in the continuum, there is no line accelera tion, because the radiation field becomes isotropic. The maximum wind density that can be driven by radiation pressure is therefore that which gives a thermalization optical depth of unity for the wind. No further increase in ft is possible once this maximum density is attained. Observationally, Wolf-Rayet stars are at, or near, this maximum wind densi ty. I speculate that this mechanism may be the thermostat that limits all Wolf-Rayet stars to nearly the same maximum rate of mass loss.
2) Electron Scattering Depth. In Wolf-Rayet stars the radius of electron scattering optical depth unity, R es , is larger than the ra dius of the stellar core, R c , which I define as thermalization optical depth unity. This means that the core/halo approximation completely breaks down in Wolf-Rayet stars, because the continuum radiation field will be modified between the stellar core and the absorbing lines in the win<J. What, if any, effect this will have on tl^e line accelera tion is unknown.
To the extent that R es » Rth> photons scattered by electrons at a point in the envelope can traverse to the opposite side of the envelope without being occulted by the stellar core. This creates the possibili ty of multi-scattering of photons by the continuum, with a corresponding increase in the continuum radiation pressure, in a manner analogous to that of multi-scattering in lines described by Castor (1979). Abbott: We essentially selected a distance-limited sample of stars, with a few extra thrown in to give a complete coverage of spectral types. However, many of the distances have gotten revised since we first started.
Van der Hucht: You have presented the best available radio fluxes of WR stars. In the derivation of the mass loss rates now the parameter with the largest uncertainty is the distance which goes to the power of 1.5 in the Wright and Barlow mass loss rate formula. From the small scatter in the average mass loss rate for the stars you observed, one could conclude that the photometric distances are remarkably well determined, i.e. that we could safely use the best available absolute magnitude law, or putting it another way, that there exists a good relation between subclass and intrinsic parameters. Could you comment on that ?
Abbott: The mass loss rates have a dispersion of roughly a factor of two. Whether this is small or large probably depends on the eye of the beholder.
DeLoore: I would like to give an answer to the remark of Anne Underbill about evolution. The fact that stars have a mantle, or a corona, has nothing to do with evolution. Stellar evolution is determined by the nuclear reactions occuring in the interiors. These reactions influence the behaviour of the stars: radius, energy transport ( radiation convection ), and have as a consequence that the chemical composition of the star changes. The existence of coronae has nothing to do with evolution. I agree that due to evolution, and the behaviour of the different regions of the stellar interior according to this, can have their effect on the nature and extent of these outer regions, if as a consequence of the evolution, turbulence or convection is created, these regions can create a supplementary ( or different ) energy source ( mechanical energy ) leading to hot outer layers. But this is not an intermediate effect of the evolution, but a consequence of the changing character of the stellar structure.
Lortet: I would stress that the absence of any trend of mass loss with spectral type is not amazing. We really need to avoid commenting on plots of anything as a function of spectral subtypes, as if their sequence was representative of one evolutionary scenario. Rather, we have to discover how to group and order spectral subtypes into families, using the different possible evolutionary scenarios available ( as described by Dr. Maeder ) and a close examination of the spatial distribution of WR stars by subtypes in our galaxy and nearby ones. Underhill: If the continuum optical depth is unity at all wavelengths in a wind, then you are close to the bottom layers of what is usually called the photosphere of the star. It is ridiculous to speak of such optical depths due to electron scattering. Consider a density of 10*0 electroms /cm^ extending for 100 RQ. This distance is as long as anything suggested from the study of eclipsing binaries for the length of a WR atmosphere, and the suggested "average 11 (constant) density is a generous estimate. Then T= N e a e l is equal to 0.046.
Cassinelli; The electron scattering optical depth is greater than unity in a WR wind. For example if one assumes a standard CAK velocity law one gets T= 1 where v = 400 km/s for M = 3x10"^ MQ/V* Underhill: The measured infrared and free-free fluxes tell us simply that a plasma with a gradient in density is present. Another way of obtaining a "suspended" plasma of the required type is possible than outflow with conservation of mass in spherical shells, Suchpossibilities should be considered before concluding that & has the values you have quoted. These values are upper limits to what is needed to explain the observations. For more than two years I have been saying that to under stand the spectra of luminous early-type stars, it is necessary to think of the atmosphere as being divided into two parts: a photosphere and a mantle. Conditions in the photosphere can be described in terms of T e ff and log g; conditions in the mantle are due to the deposition of nonradiative energy and momentum which have come from the envelope of the star below the photosphere. We do not yet understand the details of how this happens, but the process appears to be related to the stage of evolution of the star.
Carrasco: Within the framework of radiatively accelerated winds, how can you produce the important observed changes in both the mass loss rates and the velocity laws in time scales of months to years,while the stellar luminosity has remained constant.
Abbott: These calculations are for steady-state, so they cannot address the question of time variability.
Cassinelli: Your explanation of the "WR phenomenon" is an interesting one. I wonder if the strength of the emission lines and IR excess couldn't be explained as just due to differences in the stellar radius ? That is, with M fixed, the optical depth in the wind increases as R increases. The continuum calculations that I have carried out show that the star's IR excess is increased if the star's radius is decreased. Also the strength of the recombination emission lines depends on Ng, so these should also increase with a decreasing size of the star.
Abbott: That is true, but to get the contrast in profiles shown here one needs a greater density enhancement than can be provided by a shrinking radius. Nussbaumer: Andriesse's formula would indeed be the solution if it also provided the physical explanation why his mass loss should happen. Someone with a strong background in thermodynamics should find out whether the crucial assumption in Adriesse f s work can be filled with physics.
